Riemerella anatipestifer is responsible for exudative septicemia in ducks. The genetic determinant of the CAMP cohemolysin, cam, from a strain of R. anatipestifer was cloned and expressed in Escherichia coli. Chromosomal DNA from serotype 19 strain 30/90 was used to construct a gene library in pBluescript II SK(؊) vector in E. coli XL-1-Blue strain. The clones containing recombinant plasmids were screened for the CAMP reaction with Staphylococcus aureus. Those that showed cohemolysis were chosen for further analysis by sequencing. One of these clones, JFRA8, was subcloned to identify the smallest possible DNA fragment containing the CAMP cohemolysin determinant, which was located on a 3,566-bp BamHI-BstXI fragment which specified a 1,026-bp open reading frame. Clones containing recombinant plasmids carrying cam obtained by PCR cloning into E. coli M15 strain secreted an active CAMP cohemolysin. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analyses confirmed that the recombinant strain expressed a protein with a molecular mass of 37 kDa and that strains from serotypes 1, 2, 3, 5, 6, and 19 expressed the cohemolysin. The deduced amino acid sequence showed high homology to those of O-sialoglycoprotein endopeptidases. Hydrolysis of radioiodinated glycophorin A confirmed that Cam is a sialoglycoprotease.
Riemerella anatipestifer is a gram-negative, nonmotile, nonspore-forming, rod-shaped bacterium (24) belonging to the Flavobacteriaceae family in rRNA superfamily V (27) . It causes a contagious septicemic disease in domesticated ducklings, turkeys, and various other birds (5) and accounts for major economic losses in industrialized duck production due to weight loss, high mortality, and culling (23) . The disease occurs as an acute or chronic septicemia characterized by fibrinous pericarditis, perihepatitis, airsacculitis, caseous salpingitis, and meningitis. In southeast Asia, R. anatipestifer infection has been a problem in the intensive production of meat ducks since 1982 (29) .
Most work on R. anatipestifer has been centered on its serology. Currently, 21 serotypes have been identified by slide and tube agglutination tests with antisera (14, 19) . Recently, repetitive-sequence-PCR-based fingerprints were used for subtyping R. anatipestifer isolates for epidemiological investigations (11) . An OmpA protein was characterized for its possible use in serodetection of R. anatipestifer infection (28) . Inactivated bacterins and live vaccines have successfully conferred protection against homologous strains or serotypes of R. anatipestifer but were unable to protect against heterologous serotype exposure (20, 22) .
In contrast, there has been little work on the molecular basis of the pathogenesis of this organism, and so far no virulence factors have been established except for the identification of VapD, which shows homology to virulence-associated proteins of other bacteria (31) . One of the goals of our laboratory is to identify and characterize virulence factors of R. anatipestifer. This study describes the CAMP cohemolysin. The CAMP effect describes the synergistic lysis of erythrocytes in the presence of diffusible substances, one of which is the CAMP cohemolysin, produced by microorganisms growing adjacent to each other on the surface of blood agar (6) . Since the cohemolysin causes lysis of red blood cells, it is considered a potential virulence factor. In this study, R. anatipestifer strains of serotype 19 exhibited the CAMP phenomenon on blood agar.
To facilitate study of the role of CAMP in pathogenesis, which may eventually lead to the development of diagnostics and subunit vaccines, the CAMP cohemolysin gene, cam, of reference strain 30/90 of serotype 19 was cloned and expressed. The deduced amino acid sequence of Cam showed high homology to those of O-sialoglycoprotein endopeptidases. An assay was done to show that Cam is a sialoglycoprotease, leading to this first report of a cohemolysin being a protease.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The Escherichia coli strains and plasmids used are listed in Table 1 . Generally, E. coli strains were grown at 37°C in Luria-Bertani medium containing 100 g of ampicillin ml Ϫ1 and 25 g of kanamycin ml
Ϫ1 . The R. anatipestifer strains used for the CAMP test and Western blotting are listed in Table 2 . CAMP-positive R. anatipestifer serotype 19 strain 30/90 served as the source of the cohemolysin determinant. All R. anatipestifer strains were grown on plates containing Trypticase soy agar and 5% sheep blood and incubated at 37°C in a candle jar for 24 to 48 h. Staphylococcus aureus was grown in brain heart infusion medium at 37°C.
CAMP test. This test was performed on Trypticase soy agar containing 5% sheep blood. The sphingomyelinase-producing S. aureus indicator strain was streaked vertically in a central position on the surface of the blood agar. The test strains were streaked perpendicular to the S. aureus streak. The plate was then incubated at 37 o C for 18 to 24 h in a candle jar. Preparation and manipulation of plasmid DNA. The general procedures for recombinant DNA technology (transformation, plasmid preparation, ligation, restriction enzyme digestion, and analytical gel electrophoresis) used for cloning, subcloning, and analysis of recombinant plasmids are described by Sambrook et al. (21) . o C. Following induction, the cells were harvested and resuspended in a volume of ice-cold 10 mM Tris-Cl buffer, pH 7.5, that gave a concentration of 1 g wet weight of cells per ml of buffer. The resuspended cells were then subjected to sonication at 14 m for 4 min (each cycle consisted of a 10-s burst followed by a 10-s interval). The fusion proteins were then purified from these cell extracts by using 50% Ni-nitrilotriacetic acid (NTA) slurry (Qiagen) according to manufacturer's instructions.
Generation of the
N-terminal sequencing. The purified Cam protein was separated by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE) and electroblotted onto a polyvinylidene difluoride (PVDF) membrane at 50 V for 1 h. The PVDF membrane was stained with Coomassie brilliant blue and destained, and the appropriate region carrying Cam was excised. This was then subjected to N-terminal amino acid analysis by the automated Edman procedure (Bioprocessing Technology Centre, National University of Singapore).
Production of antisera and immunological methods. Monospecific polyclonal antisera directed against the polyhistidine-tailed fusion protein were obtained by immunization of three New Zealand White rabbits with Freund's adjuvant (Sigma) emulsified with purified recombinant proteins. Each received initial intramuscular injections of 0.5 ml of Freund's complete adjuvant containing 0.5 mg of the recombinant protein in both their right and left hind thigh muscles. The rabbits received subsequent booster injections on days 14, 28, and 42 after primary immunization. Booster injections were prepared using Freund's incomplete adjuvant (Sigma) as the emulsifying agent and contained the same amount of recombinant protein as the primary immunization. Serum samples were collected before each injection and stored at Ϫ20 o C for immunodetection of proteins from various R. anatipestifer strains. Purified recombinant proteins and whole-cell extracts were mixed with SDS sample buffer and boiled for 5 min, and subsequently immunoblot analysis was performed on 12% acrylamide gels. Membranes were probed with rabbit sera raised against the CAMP cohemolysin at 1:200 dilution and detected by using horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Pierce) at 1:20,000 dilution and the SuperSignal West Pico chemiluminescent substrate (Pierce).
Glycoprotease assay. Glycoprotease activity was monitored by the hydrolysis of human glycophorin A (GPA). An aliquot of the enzyme (0.2 mg) was incubated with 3.5 g of 125 I-GPA, prepared as described elsewhere (15, 16) , in 50 mM HEPES (pH 7.4) in a total volume of 25 l at 37°C for 3 h. Hydrolysis was Cloning and sequence analysis of cam. Chromosomal DNA extracted from R. anatipestifer serotype 19 reference strain 30/90 was partially digested with Sau3A. These fragments were ligated into BamHI-digested pBluescript II SK(Ϫ) vector and subsequently transformed into E. coli XL1-Blue and selected on plates containing ampicillin, IPTG (isopropyl-␤-D-thiogalactopyranoside), and X-Gal (5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside). Transformants identified by blue/white selection were subjected to the CAMP test. Those that showed zones of clearing were CAMP positive and were subjected to sequencing. One clone containing hybrid plasmid pJFRA8, the vector of which contained a 6,906-bp insert, was chosen for further analysis. By using the National Center for Biotechnology Information (NCBI) ORF Finder (http://www.ncbi.nlm.nih .gov.), three putative protein-coding regions were found, and these were subjected to the NCBI BLASTX program (3) for determination of sequence homology.
To determine the location of the gene encoding the CAMP factor protein, the 6.9-kb R. anatipestifer insert in pJFRA8 was digested with BamHI and DraII to yield 2,308-bp fragment 1 and 4,600-bp fragment 3 (Fig. 1) . Fragment 1 specified a 684-bp open reading frame (ORF) whose product has homology to a gamma glutamyl-transpeptidase precursor, while fragment 3 specified a 4,349-bp ORF whose product has homology to the reovirus attachment protein. These fragments were ligated to a DraII-and BamHI-digested pBluescript II SK(Ϫ) vector and transformed into XL1-Blue, yielding pHMT1 and pHMT3, respectively. Fragment 2 (3,566 bp) contained a 1,026-bp ORF whose product has homology to sialoglycoprotein endopeptidases. This was obtained by digestion with BamHI and BstXI, ligation to the pBluescript II SK(Ϫ) vector, and transformation into E. coli. Clones containing pHMT1, pHMT2, and pHMT3 carrying fragments 1, 2, and 3, respectively (Table 1) , were subjected to the CAMP test. The gene responsible for cohemolysis was found to be located on fragment 2. PCR cloning of the 1,026-bp ORF was carried out using primers CAMB and CAMH to generate subclone HMT2A. The recombinant plasmid was sequenced to confirm the identity of the construct. CAMP activity was tested, and HMT2A showed a positive CAMP effect (Fig. 2) . The gene was referred to as cam.
The deduced amino acid sequence of the 37-kDa Cam was 42% identical to that of O-sialoglycoprotein endopeptidase (Gcp) of Pasteurella haemolytica (accession no. A38108), 41% identical to that of Gcp of Pasteurella multocida (accession no. AAK03322), 41% identical to that of Gcp of Haemophilus influenzae (accession no. H64074), and 40% identical to that of Gcp of Haemophilus ducreyi (accession no. AAF32396) among others.
The sequence also showed a conserved region containing two conserved histidines, at amino acids 112 and 116, which, as for all the other metalloproteases, indicate the presence of potential zinc-binding sites (Fig 3) . Analysis of the hydropathicity of the sequence by the TMpred program (http://www.ch .embnet.org) showed it to be predominantly hydrophilic, suggesting that Cam is a cytoplasmic or peripheral protein. An examination of the amino terminus showed no signal sequence, indicating that the mechanism of transport across the double membrane of bacteria for secretion was unconventional, similar to that of sialoglycoproteases found in other organisms (1, 30) .
Expression of cam in E. coli M15. The cam gene, obtained by PCR, was ligated to the pQE30 His tag vector, and the recombinant plasmid was transformed into E. coli M15 strain for high expression levels. The clone was CAMP positive. Expression of the fusion protein was induced by addition of 1 mM IPTG at mid-exponential growth, and cells were incubated for a further 4 h. A high level of expression of the recombinant His tag fusion protein with molecular mass of 37 kDa was observed upon induction and purification with Ni-NTA slurry (Fig 4) . The Cam fusion protein was found in the soluble fraction. The N-terminal amino acid sequence analysis of Cam expressed in E. coli confirmed the assignment of the reading frame and also showed absence of a conventional signal sequence and of cleavage of amino acids from the N-terminal region.
Amplification of the cam fragment from genomic DNA of R. (Fig. 6) .
Protease properties. The Cam protein was able to hydrolyze GPA (Fig. 7) . The protease was stable over a pH range of 6.5 to 8.0 with a pH optimum of 7.5. The enzyme was inhibited by 1 mM EDTA, suggesting that it is a metalloprotease. This is further supported by the presence of the putative zinc-binding site in the protein structure predicted from the nucleotide sequence for cam. It was also inhibited by 5 mM citrate and 11 mM ascorbate. Phosphoramidon at 1 mM, a potent inhibitor of neutral metalloproteases such as thermolysin, did not have any effect on Cam. Lack of inhibition by phosphoramidon is consistent with the inability of the enzyme to hydrolyze thermolysin substate furoylacryloylglycylleucinamide. These results are similar to those with P. haemolytica glycoprotease (2).
DISCUSSION
R. anatipestifer infection is probably the most economically important disease of farm ducks worldwide, but no virulence factors have been established so far except for the plasmidcarried vapD genes (31) . Here, we report the identification of a CAMP cohemolysin as a potential virulence determinant in R. anatipestifer strains. CAMP factors that have been identified include the phospholipase C of Listeria monocytogenes (17) , Apx toxins of Actinobacillus pleuropneumoniae (9) , and lipases of S. aureus (8) . CAMP factors have been shown to be virulence factors (7, 12, 25) . Also, CAMP activity of A. pleuropneumoniae has been associated with its RTX toxins (9) .
The cam gene was found to be common to all R. anatipestifer strains. However, only serotype 19 strains were observed to phenotypically exhibit cohemolytic activity with S. aureus on blood agar although Western blotting results revealed that strains from serotypes 1, 2, 3, 5, 6, and 19 expressed the Cam protein.
The CAMP effect involves at least two individual membrane-active components interacting sequentially with the erythrocyte membrane, which contains at least 45 mol% sphingomyelin (26) . The first step involves a nonlytic hydrolysis of membrane sphingomyelin and phospholipids by sphingomyelinase or phospholipase (7) . The "second-step agents," the CAMP cohemolysins, can then gain access to the membrane and induce further membrane destruction or cell lysis nonenzymatically (4, 7) . Although the cohemolytic reactions are an in vitro phenomenon, they might be of relevance in vivo and might emerge from mixed infections producing two or more membrane-acting proteins or simply from the coexistence of different bacterial species in an appropriate location such as the upper respiratory tract. Field studies have shown that the bacterium rarely acts as a primary agent but rather that in most cases predisposing bacterial and viral infections are involved in causing disease (23) . The natural environment of R. anatipestifer is the heart, brain, air sacs, bone marrow, lungs, and liver of ducklings, and the bacterium is thought to enter through the respiratory tract or skin punctures (23) . The Cam protein shows high homology to O-sialoglycoprotein endopeptidases. As its name suggests, it is a neutral metalloprotease which has high specificity for O-sialoglycoproteins attached to serine or threonine residues, most of which are membrane proteins. Substrates include human GPA, CD34, CD43, CD44, and CD45; ligands for P-and L-selectins; tumor antigen epitectin; vascular adhesion protein VAP-1; platelet glycoprotein Ib; and cranin, a brain O-sialoglycoprotein (18) . The best-characterized substrate is the transmembrane cell surface glycoprotein of human erythrocytes, GPA (18) . Although it cannot be the physiological substrate for R. anatipestifer sialoglycoprotease, it was used to determine hydrolysis by Cam, as few glycoproteins from avian target cells are available for testing as potential in vivo substrates. Cam was able to hydrolyze GPA, demonstrating that it was a sialoglycoprotease. Similar membrane Osialoglycoprotein substrates present in host cells, such as those present on the mucosal epithelia of the respiratory tracts of ducklings or on immune cell surfaces, may be the natural targets of this enzyme, thus contributing to its pathogenicity, as these are potential sites for an intrinsic cohemolytic reaction of R. anatipestifer with other organisms. The action of two or more factors on individual target structures could initiate events leading to structural and functional disorders and may FIG. 6 . Immunodetection of cohemolysin in total-cell lysates of R. anatipestifer strains. Bands correspond to the Cam protein at 37 kDa. Lanes: M, marker; C, purified Cam from pHMTC1 as a positive control; 1, R. anatipestifer ATCC 11845; 2, serotype 1 (S1) 35/90; 3, S1 105/91; 4, S1 179/9; 5, S1 205/90; 6, S1 1795; 7, S2 17/91; 8, S2 2527; 9, S3 2554; 10, S4 2565; 11, S5 2550; 12, S6 389/82; 13, S7 27179; 14, S7 203/89; 15, S8 26220; 16, S9 1785; 17, S10 2/91; 18, S10 232/89; 19, S11 25055; 20, S11 76/91; 21, S11 84/91; 22, S13 134/90; 23, S13 25012; 24, S14 664/83; 25, S15 743/85; 26, S15 34/90; 27, S15 135/90; 28, S15 110/89; 29, S15 204/88; 30, S16 4801; 31, S17 977/83; 32, S18 540/86; 33, S19 30/90; 34, S19 53/91; 35, S19 59/91. Variations of virulence as assessed by mortality and morbidity rates have been reported for the different serotypes and within a given serotype. Our results show that strains from serotypes 1, 2, 3, 5, 6, and 19 expressed the cohemolysin. Serotypes 1, 2, 3, 5, and 15 are most prevalent in severe outbreaks of septicaemia anserum exsudativa (19, 29) . The presence of the cohemolysin could contribute to virulence, as it is produced by most of the prevalent serotypes, which may be better adapted at producing the cohemolysin during a natural infection under certain intracellular conditions and therefore able to damage the host and aid in the infection process, thus providing a function essential to pathogenesis. One possible consequence of hemolytic activity in vivo is the release of iron for use by the organism, as pathogenic bacteria require iron in the infection process (10) .
The Cam protein of R. anatipestifer was found to possess properties similar to those of the sialoglycoprotease from P. haemolytica, which was considered a virulence factor (13) . A Presponse vaccine has been designed based on the P. haemolytica recombinant sialoglycoprotease fusion protein (P. E. Shewen, A. Perets, C. W. Lee, and R. Y. C. Lo, Abstr. 3rd Int. Conf. Haemophilus, Actinobacillus, Pasteurella Organisms, abstr. P44, 1994). In addition, the CAMP factor of Streptococcus uberis (11a) has also been used in vaccine compositions. Thus, subunit vaccines of the CAMP cohemolysin of R. anatipestifer could be used for preventive or therapeutic measures against septicaemia anserum exsudativa of ducklings.
Work to further characterize the cohemolysin is under way. This should aid in the understanding of the potential role of Cam as a virulence determinant and the mechanisms of R. anatipestifer pathogenicity, which should help prevent disease.
